Melatonin is a neurohormone produced in both animals and plants. It binds at least three Gprotein-coupled receptors: MT 1 and MT 2 , and Mel1cGPR. Mammalian GPR50 evolved from the reptilian/avian Mel1c and lost its capacity to bind melatonin in all the therian mammal species that have been tested. In order to determine if binding is lost in the oldest surviving mammalian lineage of monotremes we investigated whether the melatonin receptor has the ability to bind melatonin in the platypus (Ornithorhynchus anatinus), and evaluated its pharmacological profile. Sequence and phylogenetic analysis showed that platypus has in fact retained the ancestral Mel1c and has the capacity to bind melatonin similar to other mammalian melatonin receptors (MT 1 and MT 2 ), with an affinity in the 1 nM range. We also investigated the binding of a set of melatoninergic ligands used previously to characterize the molecular pharmacology of the melatonin receptors from sheep, rats, mice, and humans and found that the general profiles of these compounds make Mel1c resemble human MT 1 more than MT 2 . This work shows that the loss of GPR50 binding evolved after the divergence of monotremes less than 190MYA in therian mammals.
Introduction
Melatonin is a neurohormone produced by the pineal gland and maintains the circadian information through diffusion in the blood circulation to peripheral organs. Melatonin exists in almost all living organisms, and its actions are mediated by binding to two membrane receptors (MT 1 and MT 2 ) [1] , a nuclear receptor [2] (although this observation has been challenged [3] ), or a protein (quinone reductase 2; QR2) [4] . If the MT 1 and MT 2 receptors bind melatonin with an affinity of 1 nM and below, QR2 has an affinity for melatonin in the 10 μM range. In mammals, a third receptor exists: the melatonin-related receptor (MRR), recently renamed GPR50 [5, 6] , that does not bind melatonin but could regulate the activity, specificity, and 
Cloning of platypus Mel1c receptor
PCR reactions were performed in a final volume of 50 μl using Q5 High-Fidelity DNA Polymerase (NEB, Ipswich, MA, USA) following the manufacturer's protocol with 2 μl of platypus brain cDNA using the primers described in Table 1 . The PCR conditions were as follows: 98˚C for 3 min, followed by 10 cycles of 98˚C for 10s, 65˚C−1˚C/cycle for 30s, 72˚C for 30 s, and then 30 cycles of 98˚C for 10s, X˚C for 30s, 72˚C for 30 s, and finally 2 min at 72˚C. Amplicons were separated on 1% agarose gels stained with ethidium bromide and the gel bands revealed with U Genius (Syngene, Frederick, USA). PCR products were purified using the High Pure Purification kit (Roche Mannhein Germany). Eluted DNA were inserted into the blunt pJET vector using the CloneJET PCR Cloning Kit (Thermo Fisher Scientific, Waltham, USA) and transformed into DH10β chemically competent Escherichia coli cells (NEB, Ipswich, MA, USA). Forward and reverse sequencing reactions were performed using the Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Life Technologies Corporation, Carlsbad, CA, USA) and pJET1.2 Sequencing Primers. Sequencing products were purified using the BigDye XTerminator1 Purification Kit (Thermo Fisher Scientific, Waltham, USA) and run on an ABI 3730 XL automated sequencer (Applied Biosystems). Data were analyzed by Sequencher1 version 5.4.6 DNA sequence analysis software (Gene Codes Corporation, Ann Arbor, MI USA).
Phylogenetic analysis
All phylogenetic analyses were undertaken using Geneious V10.0.2 (http://www.geneious. com, [22] ). Platypus (O. anatinus), chicken (G. gallus) and the clawed frog (X. laevis) nucleotide sequences were imported into Geneious and translated to protein sequences. Nucleotide sequences for a range of therian mammals (group consisting of eutherians and marsupials) were downloaded from NCBI (National Center for Biotechnology Information); names and GenBank accession numbers are shown in Table 2 . Introns were removed and coding regions were translated according to their individual start and stop positions. DNA and protein alignments were undergone using ClustalW algorithm. Phylogenetic tree was built using Neighbour-Joining method, with Jukes-Cantor substitution model, 1000 bootstrap replicates and no outgroup was selected. vector was mixed with 100 μl of the COS7 cell suspension, transferred to a 2.0 ml electroporation cuvette, and nucleofected using program A024 and an Amaxa Nucleofector apparatus. Just after the nucleofection, 500 μl of media supplemented with 20% (v/v) fetal calf serum was added to the cell suspension and cultured in a humidified 37˚C, 5% CO 2 incubator for 20 minutes. Fourteen million cells were transferred to a T225 flask containing 50 ml of media supplemented with 20% (v/v) fetal calf serum and cultured in a humidified 37˚C, 5% CO 2 incubator. Two days after transfection, the cells were harvested in PBS, pelleted, and stored at -80˚C until use.
Indirect immunofluorescence
COS7 cells transiently expressing platypus (O. anatinus), X. laevis, or G. gallus Mel1c receptors were seeded at 50,000 cells per well in eight-well Lab-Tek chamber slides (Nunc, Naperville, IL) in 0.5 ml of medium. Cells were fixed by treatment with 4% formaldehyde in PBS for 15 min then incubated with glycine (100 mM) in PBS for 10 min at room temperature (RT). The cells were blocked with 0.2% bovine serum albumin (BSA) in PBS for 5 min at RT. For visualization of HA epitope-tagged Mel1c receptors, cell surface receptors were stained using a mouse monoclonal anti-HA antibody (0.25 μg/ml) for 30 min at 37˚C in PBS containing 0.2% BSA. After washing in PBS supplemented with 0.2% BSA, cells were blocked with a solution of 0.2% BSA and 10% fetal calf serum. The cells were then incubated in a humidified chamber for 60 min at 37˚C with secondary antibody (1 μg/ml Alexa fluor 488-conjugated goat anti-mouse antibody; St Louis, MO). The cells were washed twice with PBS/0.2% BSA and coverslips applied using Vectashield1 Mounting medium containing 4 0 , 6 0 -diamidino-2-phenylindole to stain nuclei (Vector Lab, Burlingame, CA). Fluorescence microscopy was performed using a Zeiss Axiovert 200M microscope (Zeiss, Oberkochen, Germany). Immunofluorescent images were captured by an AxioCam MR3 camera and AxioVision software (Zeiss, Oberkochen, Germany). The results were expressed as Ki, taking into account the concentration of radioligand used in each experiment. Non-specific binding was defined with 10 μM melatonin. The reaction was stopped by rapid filtration through GF/B Unifilters, followed by three successive washes with ice-cold buffer. Data were analyzed by using the program PRISM (GraphPad Software Inc., San Diego, CA). For saturation assays, the density of binding sites (B max ) and the dissociation constant of the radioligand (K D ) were calculated according to the Scatchard method. For competition experiments, inhibition constants (K i ) were calculated according to the Cheng-Prusoff equation:
where IC 50 is the measured 50% inhibitory concentration, L is the concentration of 2-[ 125 I]-iodomelatonin, and K D is the dissociation constant. A similar protocol was used when the binding was performed on whole cells, as described by Legros et al. [25] . As per Plos One policy, all the raw data-listings from radioactivity counter are attached as raw files (Supplementary Tables A to M in S1 Data).
Results

Cloning of platypus Mel1c receptor
The two amplicons isolated from exons 1 and 2 are depicted in Fig 
Gene organization and phylogenetic analysis
Platypus Mel1c is organized in a similar way as any melatonin receptor described in other vertebrates. Platypus Mel1c contains two exons [separated by a long intron (~30,000 bp) (Panel A in S1 Fig)] that encode the transmembrane domain 1 and the other six transmembrane domains. Protein alignment with chicken and the clawed frog shows that Mel1c in platypus is well conserved at the amino acid level. From Thr44 to Ala352, amino acid sequence identity was comprised between 72 and 78% for the 3 receptors. (see Table 3 and Panel B in S1 Fig) . Interestingly, the Mel1c family has much more variation at the nucleotide level throughout these species (Panel C in S1 Fig) . https://doi.org/10.1371/journal.pone.0191904.g001 Table 3 . Comparison of Mel1c sequences in platypus, xenopus and chicken to the human GPR50.
Gallus gallus Mel1c
Homo sapiens GPR50
Ornithorynchus anatinus Mel1c
Xenopus laevis Mel1c
Gallus When Mel1c is aligned with the human sequence of GPR50 (the therian ortholog of Mel1c), the divergence between the two is apparent (Fig 2A) . Phylogenetic analysis shows platypus clustering with chicken and the clawed frog Mel1c to the exclusion of an array of therian mammal GPR50 (Fig 2B) , showing here that platypus has retained the ancestral Mel1c gene and its ortholog GPR50 evolved after the divergence of monotremes from therian mammals. Although GPR50 has lost its capacity to bind melatonin, the sequence has been conserved in mammals (Table 3) , with a major difference being that the sequence of human GPR50 has 270 additional amino acids compared to the platypus (Fig 2A) , rendering the C-terminus of GPR50 one of the longest known G-protein-coupled receptors (GPCRs).
A recent study has highlighted the importance of the second extracellular domain (E2) of melatonin receptors in their ability to bind to melatonin [26] . Therefore, we also looked at this region between Mel1c and GPR50 in all species used for phylogenetic analyses. Here we found that platypus, chicken and the clawed frog contained a Gln (Q) at position 18 of E2 (Fig 2C) , which was shown by Clement et al. [26] to be important for the binding function of melatonin receptors. However, all eutherian species contained a Thr (Y) at this position instead, while the marsupials had Thr (Y; opossum), His (H; koala) or Pro (P; Tasmanian devil) (Fig 2C) . If this Gln in E2 is in fact important for binding in melatonin receptors, then the lack of it in all therian mammals tested here supports that hypothesis and also suggests the transition from Mel1c to GPR50 occurred between the divergence of monotremes and therian mammals-190 to 160 million years ago (MYA).
Expression and subcellular localization of recombinant platypus, clawed frog and chicken Mel1c receptors in COS7 cells
Mel1c from G. gallus and X. laevis was synthesized according to the reported predicted sequences and built in the same expression vector as platypus Mel1c. The first step was to determine whether they are expressed and active in a cellular model. We started by fusing the N-terminus of the three sequences to a 3HA flag, for which potent antibodies exist. For this particular purpose, the transition expression of the receptors into COS7 cells led to the images in Fig 3. Immune staining of non-permeabilized COS7/3HA-Mel1c cells with a fluorescent anti-HA antibody revealed major expression of platypus, X. laevis, and G. gallus Mel1c receptors at the plasma membrane. No fluorescent signal was detected from native COS7 cells.
Melatonin binding
Next, we prepared membranes for clawed frog, platypus, and chicken from cells overexpressing their respective Mel1c receptors and attempted to measure the binding of 2[
125 I]-iodomelatonin. Saturations were obtained and showed specific bindings for all species tested. This was the first time that the Mel1c receptor from a mammal was shown to bind 2[
125 I]-iodomelatonin. The saturation curves (Fig 4) for the three species were similar to those obtained under similar conditions for the melatonin receptors that have been cloned, expressed, and characterized in our laboratory. The expression levels of the Mel1c receptors from these species stably expressed in CHO cells were 18 fmol/mg of protein for clawed frog and 36 fmol/mg of protein for the platypus. These levels are in the lower range of expression for melatonin receptors (MT 1 and MT 2 receptors) from more classical species we generated previously, with expression levels ranging from 80 to 2650 fmol/mg of protein in rats and humans [27] and 300 to 700 fmol/mg of protein for mice [28] . In contrast, the K D of the two Mel1c receptors for melatonin was 133 pM for clawed frog and 67 pM for platypus.
Molecular pharmacology
To obtain stable expression of the receptor for future studies, a preliminary step involving transient expression of the receptor was performed. The Mel1c receptors from the three species were expressed in transiently transfected COS7 cells. A limited number of compounds were tested in order to gain a preliminary perception of the characteristics of Mel1c from these Table 4 . The profiles comprise the binding affinities of a dozen compounds for the receptors of the three species. These profiles were quite similar, which was not surprising for the chicken and clawed frog, despite their evolutionary distance. However, the similarity with pharmacological profiles of the monotreme Mel1c was somewhat unexpected. Simple linear correlations between the sets of data (taken 2 by 2) led to R 2 > 0.95.
These correlations translate a view of the proximity of the receptor affinities to some compounds from a pure biochemical point of view. Because the profiles of the Mel1c bindings are similar between birds (chicken) and amphibians (clawed frog), it seemed important to proceed to studies using only the Mel1c from clawed frog. Thus, we focused on the stable expression in CHO cells of the platypus and clawed frog Mel1c receptors. These two receptors were expressed at workable levels, although other melatonin receptors were sometimes expressed at up to 2 pmol/mg of protein [27] depending on the method chosen for establishing the stable cell line. The last step of this characterization was to obtain on this biological material, a pharmacological profile for a series of 19 ligands for these two species compared to the human melatonin receptors MT 1 and MT 2 . The curves obtained for platypus Mel1c with the products are given in Fig 5A and for the clawed frog Mel1c in Fig 5B as examples.
Nineteen compounds were tested, from the classic melatonin ligands to the more obscure D600, a specific MT 1 ligand [25] , and the marketed drugs Ramelteon 1 and Agomelatin
1
, as well as the iodinated derivatives of melatonin (e.g., 4-iodo, 2-iodo, or 6-iodo melatonin). The data were compared to that of the human MT 1 and MT 2 ( Table 5) .
We obtained an almost perfect match between the results obtained with chicken Mel1c, which is a reference in this domain, and those obtained with the platypus Mel1c that was cloned and characterized here for the first time. The simplest correlation coefficient (R 2 ) was 0.98 (Fig 6) . Experiments using two different transfections were performed separately. Each point was the mean of a triplicate determination. Concentration isotherm curves were obtained using 10 concentrations of each product from 10 At first glance, the data do not seem to differ from one species to another, with either the Mel1c receptor, as shown above with transiently expressed receptor (Table 4) , or the human MT 1 and MT 2 receptors. In order to validate this observation, the data obtained with the clawed frog Mel1c receptor and platypus Mel1c receptor were plotted against the data obtained for MT 1 and MT 2 (Fig 7) . At first glance, Mel1c seems to behave identically towards this selection of compounds among the two species (human versus platypus), but it is quite different when the correlation coefficients are examined. Surprisingly, the Mel1c data correlate highly (R 2 = 0.9) with MT 1 and more poorly with MT 2 (R 2 = 0.7 for platypus and 0.6 for Clawed frog).
Discussion
Platypus and echidna are the oldest surviving mammalian lineage, having diverged from other mammals approximately 190 MYA [29] . These species have an astonishing track record of informing us about the evolution of the mammalian genome [30] and individual genes (see for example Grutzner et al. [17] , Cortez et al. [20] , Tsend-Ayush et al. [31] and Hu et al. [32] ).
Comparing the GPCRs from different species can help us understand the structure of these receptors, as well as their binding characteristics [33] . To prepare for the expression, purification, crystallization, and characterization of receptors, a preliminary approach is to closely study the various receptors from diverse species. Natural sequences have evolved throughout these species; though maintaining specificity towards their natural ligand (see Li et al. for complete melatonin receptor evolutionary divergences [34] ). They show that it is slightly different for the melatonin-related receptor (GPR50) and Mel1c. The seminal work of Dufourny et al. [7] demonstrated from minute genetic analyses that the Mel1c receptor from amphibians and birds gave rise to GPR50 in mammals, which is still categorized as an orphan receptor because it does not bind melatonin or analogs, confirmed independently by us and others (C Ouvry & JA Boutin, unpublished). It has been a challenge for a long time to understand when GPR50 lost its binding during mammalian evolution and what this means for the function and evolution of melatonin and GPR50.
Studies of molecular evolution have been reported frequently in the literature. The trees of phylogenetic affiliation has been used to better understand the passage from one species to another, especially by studying species that seem far away from each other, as well as those that are closely related. Monotremes occupy a key position in mammalian phylogeny and the present paper attempted to determine the evolution and binding of melatonin. Therefore, whether the melatonin receptor cloned from platypus is in fact Mel1c or GPR50 was of interest.
The predicted sequence was very close to the actual sequence with a single mutation at position 44. The structure of the gene was as expected because of the common nature of all of the melatonin receptors throughout living species, two exons separated by a long intron of 30,000 bp (Panel A in S1 Fig) . Alignment of the platypus receptor with chicken and frog Mel1c shows very high similarity at the amino acid level (Panel B in S1 Fig) . However, when including human GPR50 in the protein alignment, it is apparent that the platypus is much more similar to chicken and from than to human GPR50 (Fig 2A) . Furthermore, phylogenetic analysis (including a range of eutherian and marsupial species) shows the platypus grouping with chicken and frog to the exclusion of all therian species (Fig 2B) . This suggests that platypus does in fact have the ancestral Mel1c receptor and that the "mammalian" GPR50 evolved after monotremes diverged from therian mammals~190 MYA. Of interest in the present study is the similarity of the melatonin binding Mel1c sequence throughout the millions of years of evolution between amphibians, birds and even monotremes (Panel B in S1 Fig) . In stark contrast is the highly variable GPR50 in therian mammals that have lost their ability to bind melatonin. This strongly suggests that the initial loss of binding allowed GPR50 to then continue to diverge in therian mammals.
There is still a lack of consensus on which specific amino acid changes in GPR50 have caused the lack of binding of this receptor to melatonin, despite many mutation and modeling studies on functional melatonin receptors (see Pala et al., for review [35] ). The majority of studies have focused on the transmembrane domains. However, Clement et al. proposed that the second extracellular loop (E2) in MT 1 is instead important for melatonin binding [26] . They found that Gln181 in hMT 1 was highly important for melatonin binding through a stabilizing interaction with Phe179. All melatonin-binding receptors investigated had Gln at this position, while human GPR50 instead had a Thr. Upon examination of the same E2 region of Mel1c in the platypus, chicken and frog we found there also to be a Gln at this same position (Fig 2C) , while all eutherian species at this position contained Thr and the three marsupial species analysed had Thr, His or Pro (Fig 2C) . This supports the proposal from Clement et al [26] that if Gln in the E2 region of melatonin receptors is important for binding melatonin, then the change of this amino acid to Thr (or His/Pro) may be responsible for the inability of GPR50 to be a functional melatonin receptor. As the marsupial species also lacked Gln, this further suggests that Mel1c changing to GPR50 occurred after the divergence of monotremes and before the therian split, giving a tighter timeframe of 190-160MYA. Further support for this hypothesis is that the marsupial GPR50 also has the characteristic elongated C-tail that eutherian GPR50 has [7] . Functional studies using marsupial GPR50 would need to be undertaken to verify its inability to bind melatonin before committing to this timeframe.
In order to confirm the observations we found in the amino acid sequence for platypus melatonin receptor, we cloned platypus Mel1c for the first time and expressed it to study its binding capacity and function. The three Mel1c receptors studied here (from frog, chicken and platypus) were expressed at the cell surface. Considering the binding aspects, few data have been reported in the literature on the pharmacological profiles of receptors from uncommon species. Chicken and clawed frog Mel1c have been known for some time to bind melatonin [8, 36] . To the best of our knowledge, few data have been published on the binding characteristics of Mel1c receptors from other species, and even less has been published regarding various molecules in a binding assay [9, 10] . Pharmacological profiles have been published, but using a pigment aggregation X. laevis melanophore-based assay (i.e., a functional assay) rather than a molecular one [9, 11] . Overall, with the few compounds that have been described in clawed frog Mel1c [36] and in chicken Mel1c [9, 11] , no major discrepancies were recorded here. Though the present work provides new information on the molecular pharmacology of platypus Mel1c, the ancestor of the GPR50 orphan receptor in mammals, the available data on the roles of those two receptors remains scarce. Interestingly, GPR50 is expressed strongly in specific brain areas (hypothalamo-pituitary regions [37] [38] [39] [40] and ependymal cell layer of the third ventricle [41] ) in many mammalian species, and Mel1c is widely expressed in the chicken brain [8] . Because we cloned the receptor from whole brain, one can conclude that Mel1c is also expressed broadly in this organ in the platypus. Furthermore, from the molecular pharmacology point of view, Mel1c is closer to MT 1 than to MT 2 ; its profile based on a set of 19 compounds as diverse as possible from the melatoninergic prospect is similar to human MT 1 .
Complementing the initial work of Dufourny et al. [7] , mammalian Mel1c from the platypus fills a gap in terms of sequence and gene structure, as well as molecular pharmacology characteristics, between the melatoninergic systems of amphibians and birds and that of mammals. This work also complements nicely our current efforts to clone melatonin receptors from various species to better understand their sequence/pharmacology relationships [27, 28, 42, 43] .
In conclusion, the present work establishes for the first time that melatonin binding to GPR50 was lost after the divergence of monotremes and that this even likely sparked rapid divergence of GPR50 in therian mammals 
